We report a one-pot chemical approach for the synthesis of highly monodisperse colloidal nanophosphors displaying bright upconversion luminescence under 980 nm excitation. This general method optimizes the synthesis with initial heating rates up to 100 °C∕ minute generating a rich family of nanoscale building blocks with distinct morphologies (spheres, rods, hexagonal prisms, and plates) and upconversion emission tunable through the choice of rare earth dopants. Furthermore, we employ an interfacial assembly strategy to organize these nanocrystals (NCs) into superlattices over multiple length scales facilitating the NC characterization and enabling systematic studies of shape-directed assembly. The global and local ordering of these superstructures is programmed by the precise engineering of individual NC's size and shape. This dramatically improved nanophosphor synthesis together with insights from shape-directed assembly will advance the investigation of an array of emerging biological and energy-related nanophosphor applications.
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doped nanocrystals | superlattice | lanthanides | luminescence R ecent advances in synthesis and controlled assembly of monodisperse colloidal nanocrystals (NCs) into superlattice structures have enabled their applications in optics (1) , electronics (2), magnetic storage (3), etc. Single-and multicomponent superlattices composed of spherical NCs are increasingly studied and a rich family of structures is now accessible (4, 5) , where the electronic and magnetic interactions between the constituents gives rise to new cooperative properties (6, 7) . New synthetic approaches are yielding nonspherical NCs with physical properties unobtainable by simply tuning the size of the spheres (8) (9) (10) (11) , providing an even broader array of nanoscale building blocks. The size and shape dependence of NC's biological activity (12, 13) and toxicity (14) is also of intense interest. However, the challenge of precisely controlling particle shape while maintaining uniformity in size and surface functionality has limited studies of NC environmental health and safety just as it has hindered efforts to organize anisotropic building blocks and to establish methods to capture their unique properties in NC superlattice thin films.
Lanthanide-doped nanophosphors are an emerging class of optical materials (15) . These NCs often possess "peculiar" optical properties [e.g., quantum cutting (16) and photon upconversion (17) ], allowing the management of photons that could benefit a variety of areas including biomedical imaging (18, 19) and therapy (20) , photovoltaics (16, 21) , solid state lighting (22) , and display technologies (23) . Colloidal upconversion nanophosphors (UCNPs) are capable of converting long-wavelength near-infrared excitation into short-wavelength visible emission through the long-lived, metastable excited states of the lanthanide dopants (24) . In contrast to the Stokes-shifted emissions from semiconductor NCs or organic fluorophores and the multiphoton process employing fluorescent dyes, UCNPs offer several advantages including narrow emission bands tunable through the choice of dopants (25) . With nonblinking emission and remarkable photostablity (18, 26) , good brightness under low power continuouswave laser excitation, low autofluorescence background and deep penetration lengths in biological systems, these materials are very attractive for bioimaging applications (18, 19) . The hexagonal phase of NaYF 4 (β-NaYF 4 ) is one of the best host materials for upconversion due to its low phonon energies (27) , being several orders of magnitude more efficient than the cubic, α-NaYF 4 phase (28) . Several chemical approaches including coprecipitation (29) and hydrothermal synthesis (30) have been employed to synthesize β-NaYF 4 -based UCNPs. However coprecipitation methods usually necessitate postsynthesis treatments to improve crystallinity of the products, and hydrothermal approaches typically involve long reaction times (ranging from a few hours up to several days) in pressurized reactors (e.g., autoclaves). Importantly, Yan et al. pioneered the synthesis of lanthanide fluoride NCs via the thermal decomposition of metal trifluoroacetate precursors (31, 32) . Preparations of β-NaYF 4 -based UCNPs through decomposition of mixed trifluoroacetates (33, 34) or through a two-step ripening process using the premade α-NaYF 4 NCs as precursors (35) have subsequently been reported. Despite these recent progresses, the crystal quality and monodispersity of the as-synthesized UCNPs using existing recipes are still far from ideal. In this contribution, we report a facile, one-pot method for the shape-controlled synthesis of highly monodisperse β-NaYF 4based UCNPs. Furthermore, we demonstrate that the UCNPs with distinct morphologies (spheres, rods, hexagonal prisms, and plates) can be assembled into large-area superlattices (with individual domain up to ∼200 μm 2 ) displaying simultaneous positional and orientational order. The symmetry/packing motifs of the superlattices are uniquely determined by the shape of individual NCs.
Results and Discussion
In this study all β-NaYF 4 -based UCNPs are synthesized through thermal decompostion of sodium and lanthanide trifluoroacetates dissolved in a mixture of oleic acid and 1-octadecene. The use of molten salt bath as the heat reservoir ensures uniform heating of the solution that is rapid enough (up to 100 °C∕minute) to overcome the disparity in decompostion temperature among various trifluoroacetate salts (SI Appendix: Fig. S1 ). Transmission electron microscopy (TEM) images of the UCNPs of various shapes and compositions are shown in Fig. 1 . For the case of NaYF 4 : Yb/Er (20∕2 mol%)-an optimized composition for efficient upconversion (36) , the morphologies of the UCNPs can be tuned from spherical NCs ( Fig. 1A) , to nanorods (NRs) ( Fig. 1D ), to hexagonal nanoprisms (Fig. 1G ), and finally to hexagonal nanoplates ( Fig. 1J ) by adjusting the reaction time and/or the ratio of sodium to lanthanide trifluoroacetates. Powder X-ray diffraction (XRD) patterns confirm that all the NaYF 4 : Yb/Er (20∕2 mol%) UCNPs are of pure β-NaYF 4 phase ( Fig. 2A ). The XRD patterns of the spherical NCs and the NRs exhibit enhanced (h00) as well as diminished (002) reflections whereas a reversed trend is observed in the case of hexagonal nanoprisms and nanoplates. These results imply that the majority of spherical NCs and NRs are lying with a preference for the [0001] direction (c-axis) parallel to the glass substrates used for XRD while hexagonal nanoprisms and nanoplates are generally sitting with the c-axis perpendicular to the substrates (similar trends are confirmed separately by TEM). High-resolution TEM (HRTEM) image of a single spherical NC shows clear lattice fringes associated with the ð10¯ 11Þ, and (0001) crystal planes, respectively 10Þ, ð10 ¯ ( Fig. 2B ). Lattice fringes corresponding to the (0001) planes appear along the NRs, indicating that the NRs grow along the c-axis ( Fig. 2C and SI Appendix: Fig. S2A ). HRTEM analysis also reveals that the "cube-like" projections are coming from hexagonal prisms composed of six square or rectangular f10 1 0g side facets with two hexagonal bases belonging to the {0001} planes ( Fig. 2D and SI Appendix: Fig. S2B ). The formation of NRs and hexagonal nanoprisms is determined by a delicate interplay between the growth rates of {0001} and f10 1 0g planes at different growth stages. This observation contrasts with previous studies where shape evolution of the β-NaYF 4 NCs was dominated by controlling the Ostwald-ripening process (35) . Furthermore, dynamic light scattering experiments that probe the hydrodynamic size of the dispersed NRs and hexagonal nanoprisms show results consistent with the largest dimensions of individual NCs measured from the TEM images (SI Appendix: Fig. S4 ). In addition, quantitative elemental analyses based on inductively coupled plasma optical emission spectrometry (ICP-OES) indicate the proportional incorporation of precursor lanthanide elements into the final UCNPs (SI Appendix: Table S2 ). By increasing the sodium to lanthanide ratio and the reaction time, hexagonal nanoplates with an edge length of 133 5 nm and a thickness of 104 8 nm are obtained ( Fig. 1J and SI Appendix: Fig. S5 ). HRTEM image taken from the edge region confirms its high crystallinity ( Fig. 2E ). Although the present results do not rule out the possibility of cubic to hexagonal (α → β) phase transition very early during the growth, no definitive signature of α phase is observed and the high reaction temperature (∼330 °C) favors the formation of β-NaYF 4 UCNPs.
The NaYF 4 : Yb/Er (20∕2 mol%) UCNPs exhibit intense upconversion luminescence under 980 nm excitation ( Fig. 2F and SI Appendix: Fig. S6 the Er 3þ to its emitting levels. The multiphonon relaxation processes help bridge the different excited states of Er 3þ , giving rise to distinct emission peaks (SI Appendix: Fig. S8 ). The NaYF 4 : Yb/Er (20∕2 mol%) UCNPs obtained display size-dependent optical properties ( Fig. 2F and SI Appendix: Fig. S9 ): Both the total intensity of emission and the intensity ratio of green to red emission increase as NCs get larger. These relationships can be ascribed to the fact that as the size of the NCs decreases, surface defects-and ligands-induced quenching of upconversion become more important, which modifies the relative population among various excited states through phonon-assisted nonradiative relaxations (36) . Therefore, engineering not only the dopant con- centration but also the surface functionalities of the UCNPs can be an effective means of tuning the upconversion luminescence.
To demonstrate the generality of the synthesis method and further tailor the upconversion emissions, we try several other dopant combinations including Yb/Tm, Yb/Ho, and Yb/Ho/Ce for the β-NaYF 4 -based UCNPs. TEM images of the NaYF 4 : Yb/Tm (22∕0.2 mol%) UCNPs with different morphologies are shown in Fig. 1B (spherical NCs), Fig. 1E (NRs) , Fig. 1H (hexagonal nanoprisms), and Fig. 1K (hexagonal nanoplates) , respectively. Upon 980 nm excitation, these hexagonal phase UCNPs (SI Appendix: Fig. S12 ) emit bright blue upconversion luminescence arising from the trivalent thulium 1 D 2 → 3 F 4 and 1 G 4 → 3 H 6 transitions (Fig. 2F ). In addition, predominantly green upconversion emissions are observed from the hexagonal phase (SI Appendix: Fig. S14 ) NaYF 4 : Yb/Ho (20∕2 mol%) NRs and nanoprisms UCNPs ( Figs. 1 F and I and 2G ). The intensity ratio of green to red emission from the NRs increases as the Ho 3þ concentration increases from 1% to 2%, owing to the enhanced energy transfer from the Yb 3þ sensitizers to adjacent Ho 3þ ions (37) . Furthermore, trivalent Ce 3þ ions are introduced to modulate the upconversion profiles of the NaYF 4 : Yb/Ho (20∕2 mol%) UCNPs. The parity-allowed 4f → 5d transition in the Ce 3þ ions can effectively depopulate the green-emitting 5 F 4 ∕ 5 S 2 states of Ho 3þ while increasing the population of the red-emitting 5 F state of Ho 3þ through two cross-relaxation pathways (SI 5 Appendix: Fig. S8 38) . The as-synthesized NaYF 4 : Yb/Ce/Ho 7∕2 (20∕11∕2 mol%) spherical NCs (Fig. 1C ) and hexagonal nanoplates ( Fig. 1L ) display predominantly red emission under 980 nm excitation although the total intensity of emission is much weaker than other UCNPs (SI Appendix: Fig. S15 ). Powder XRD patterns confirm that both samples are of pure hexagonal phase (SI Appendix: Figs. S16 and S17). The systematic peak shifts to lower angles compared to the standard XRD pattern of β-NaYF 4 imply the partial substitution of Y 3þ ions by larger Ce 3þ ions in the β-NaYF 4 lattice (Y 3þ , r ¼ 1.159 Å; Ce 3þ , r ¼ 1.283 Å) (39) , which results in the expansion of the unit cell. This Ce 3þ doping differs from previous reports where lanthanide elements with large ionic radii (e.g., La 3þ ¼ 1.300 Å) could not be incorporated into the β-NaYF 4 lattice (23). In addition, uniform undoped β-NaYF 4 NRs can also be synthesized by the present method (SI Appendix: Fig. S19 ). Superlattices composed of anisotropic NCs have attracted great interest due to the rich phase behaviors and the potential for emergent collective properties (40) . Here we explore the intriguing structural diversity of ordered nanocrystal assemblies using β-NaYF 4 NRs and the β-NaYF 4 -based UCNPs. We employ an interfacial assembly strategy that can produce continuous and uniform nanocrystal superlattice films (41) . When 15 μL of hexane solution of the β-NaYF 4 NRs with an aspect ratio (AR) of ∼1.4 is drop-cast onto the viscous and weakly polar ethylene glycol (EG) surface and the solvent is allowed to slowly evaporate, large-area NR superlattices comprised of monolayer and doublelayer domains are obtained depending on the concentration of NRs in the dispersion ( Fig. 3 A and B) . The NRs preferentially align with their c-axis parallel to the substrate, exhibiting both positional and orientation order on the scale of tens of micrometers, as confirmed by the sharp small-angle electron diffraction patterns (SAED). The striking in-plane ordering of the NR superlattices is also revealed by the selected-area wide-angle electron diffraction patterns (SAWED), whose spots are due to diffraction of crystallographic lattice planes. Specifically, the strong (002) diffraction spots are arising from the anisotropic rod-shape of the individual NCs and their mutual alignment along the c-axis. Interestingly, the appearance of (h00) and simultaneous absence of (110) diffraction spots, together with the recognition that the β-NaYF 4 NRs are enclosed by the f10 1 0g facets, allow us to conclude that the NRs are azimuthally aligned along their f10 1 0g crystal facets (SI Appendix: Fig. S22 ). The superlattice formation is accounted for by the in-plane, dense packing of the β-NaYF 4 NRs, possessing a hexagonal cross section and also the interaction of ligands, contributing to the attractions between adjacent NRs. Further evidence that supports the explanation is the lateral displacement between neighboring layers in the β-NaYF 4 NR superlattices (SI Appendix: Fig. S23 ). Liquid crystalline order has been observed in concentrated NR dispersions (42) and NR films prepared by controlled evaporation (43, 44) or by Langmuir-Blodgett assembly (45) . Here we have also employed polarizing optical microscope to study the ordering of NR films. Optical micrographs ( Fig. 3C and SI Appendix: Fig. S25 ) indicate domains that are strongly birefringent due to the alignment of NRs. The multidomain nature of the NR films is also confirmed by the atomic force microscopy (AFM). We anticipate that NRs with larger AR (>3) would be better suited for the formation of liquid crystalline phases using the present assembly methodology. β-NaYF 4 NRs with an AR of ∼2.0 have also been used to study the shape-directed assembly behavior: monolayer and doublelayer superlattices are obtained by depositing 15 μL of NR dispersion ( Fig. 4 A and B) . However, when 40 μL of NR dispersion is used, the NRs tend to orient vertically in the film with well crystallized domains up to ∼200 μm 2 (Fig. 4C) ( Fig. 4D ). This general method to vertically align and assemble nanoprism has six neighbors. However, the packing symmetry de-NRs maybe of interest for various applications such as photovol-viates from the square lattice expected for perfect cubes. The artaics (46) , plasmonic biosensing (47) , and magnetic information rangement, in light of recent theoretical work on the packing of storage (3) .
fourfold rotationally symmetric superdisks, can be described as The ordering of the as-deposited hexagonal nanoprisms and the Λ 1 -lattice packing (48) . Due to the reduced shape symmetry, nanoplates superlattices is also strongly dependent on the dethe hexagonal nanoprisms self-organize into a configuration that tailed geometry of individual NCs: In the hexagonal nanoprism maximizes the packing density. On the other hand, hexagonal assemblies ( Fig. 5A and SI Appendix: Fig. S27) , each "cube-like" nanoplates self assemble into close-packed hexagonally ordered arrays ( Fig. 5B and SI Appendix: Fig. S28-30) , consistent with the sixfold symmetry of nanoplates.
Conclusions
In summary, we have shown that under different synthetic conditions, NaYF 4 -based UCNPs develop regular facets and finally evolve into a diverse family of morphologies (spheres, rods, hexagonal prisms, and plates) in accordance with the underlying hexagonal unit-cell symmetry. Monodisperse UCNPs with distinct shapes are model systems to advance the understanding of the shape-directed assembly/packing behaviors of nanocolloids, but also open new opportunities in fields such as bioimaging (18, 19) and photodynamic therapy (20, 49) . Programming anisotropic NCs to assemble into desired two-and three-dimensional patterns enables the production of complex nanoscale architectures useful for applications such as solar cells (46) and plasmonic metamaterials (50) . Table S1 for details) together with 15 mL of ODE and 15 mL of OA were added to a three-necked flask. The mixture was then heated under vacuum at 100 °C for 45 min to form a transparent, yellow solution. The reaction flask was flushed with N 2 for 5 min and was then placed into a molten NaNO 3 ∕KNO 3 (1∶1 mass ratio) salt bath that was stabilized for 342 °C. A large amount of white smoke was produced after about 1.5 min, indicating the decomposition of metal trifluoroacetates (51) . After 20-35 min of reaction under N 2 flow and vigorous magnetic stirring, the solution was cooled down by adding 15 mL of ODE. The products were isolated by adding ethanol and centrifugation. Due to the mondispersity of the as-synthesized samples, no size-selective fractionation is needed. The UCNPs were redispersed in hexane with nanocrystal concentration of about 5.0 mg∕mL.
Materials and Methods

Synthesis of Upconversion Nanophosphors (UCNPs
Assembly of UCNPs into Superlattices. The assembly was done using a variant of the interfacial assembly method recently developed by our group (41) . Briefly, a 1.5 × 1.5 × 1 cm 3 Teflon well was half-filled with EG. Certain amount of UCNP dispersions (see main text for details) was drop-cast onto the EG surface and the well was then covered by a glass slide to slow down solvent evaporation. After 40 min, the nanocrystal film was transferred onto glass substrates or TEM grids (300-mesh) that was further dried under vacuum to remove extra EG.
Structural and Optical Characterization. TEM images and electron diffraction patterns were taken on a JEM-1400 microscope operating at 120 kV. HRTEM images were taken on a JEOL 2010F microscope operating at 200 kV. Scanning electron microscopy (SEM) was performed on a JEOL 7500F HRSEM. Power XRD patterns were obtained on the Rigaku Smartlab diffractometer at a scanning rate of 0.1°min −1 in the 2θ range from 10° to 80° (Cu Kα radiation, λ ¼ 1.5418 Å). For XRD measurement, samples were prepared by depositing hexane solutions of nanocrystals onto a glass substrate. Dynamic light scattering (DLS) measurements were performed on a Delsa Nano C system (Beckman Coulter). AFM height images were obtained on the DI Multimode AFM. Quantitative elemental analysis was carried out with ICP-OES on a SPECTRO GENESIS ICP spectrometer. Room temperature upconversion emission spectra were acquired with the fiber-optically coupled USB4000 fluorescence spectrometer (Ocean Optics) using an external continuous-wave laser centered at ∼980 nm as the excitation source (Dragon Lasers). The optical photographs of the emitting UCNPs were taken using a Nikon D300 digital camera. Nanorod superlattices on glass substrates were imaged under crossed polarizers using a Leica DMRX upright microscope equipped with a charge-coupled device (CCD) camera (Hitachi KP-M1U).
